Glanowska KM, Moenter SM. Endocannabinoids and prostaglandins both contribute to GnRH neuron-GABAergic afferent local feedback circuits. J Neurophysiol 106: 3073-3081, 2011. First published September 14, 2011 doi:10.1152/jn.00046.2011 neurons form the final common pathway for central control of fertility. Regulation of GnRH neurons by long-loop gonadal steroid feedback through steroid receptor-expressing afferents such as GABAergic neurons is well studied. Recently, local central feedback circuits regulating GnRH neurons were identified. GnRH neuronal depolarization induces short-term inhibition of their GABAergic afferents via a mechanism dependent on metabotropic glutamate receptor (mGluR) activation. GnRH neurons are enveloped in astrocytes, which express mGluRs. GnRH neurons also produce endocannabinoids, which can be induced by mGluR activation. We hypothesized the local GnRH-GABA circuit utilizes glia-derived and/or cannabinoid mechanisms and is altered by steroid milieu. Whole cell voltageclamp was used to record GABAergic postsynaptic currents (PSCs) from GnRH neurons before and after action potential-like depolarizations were mimicked. In GnRH neurons from ovariectomized (OVX) mice, this depolarization reduced PSC frequency. This suppression was blocked by inhibition of prostaglandin synthesis with indomethacin, by a prostaglandin receptor antagonist, or by a specific glial metabolic poison, together suggesting the postulate that prostaglandins, potentially glia-derived, play a role in this circuit. This circuit was also inhibited by a CB1 receptor antagonist or by blockade of endocannabinoid synthesis in GnRH neurons, suggesting an endocannabinoid element, as well. In females, local circuit inhibition persisted in androgen-treated mice but not in estradiol-treated mice or young ovary-intact mice. In contrast, local circuit inhibition was present in gonad-intact males. These data suggest GnRH neurons interact with their afferent neurons using multiple mechanisms and that these local circuits can be modified by both sex and steroid feedback.
GnRH neurons have only rarely been found to express steroid hormone receptors other than the ␤-form of the estradiol receptor (Hrabovszky et al. 2000 (Hrabovszky et al. , 2001 , which does not appear to be critical for fertility (Krege et al. 1998) .
GABAergic transmission to GnRH neurons is particularly important in conveying steroid feedback regulation (Chen and Moenter 2009; Christian and Moenter 2007; Penatti et al. 2010; Moenter 2003, 2005) . Of note, GABA largely provides a depolarizing/excitatory action in GnRH neurons due to elevated chloride levels maintained in these cells in adulthood Herbison and Moenter 2011; Moenter and DeFazio 2005; Nakane and Oka 2010; Watanabe et al. 2009; Yin et al. 2008 ). GnRH neurons have been shown to interact with their GABAergic afferents rapidly via metabotropic glutamate receptor (mGluR)-mediated local circuit interactions (Chu and Moenter 2005) , via retrograde endocannabinoid signaling (Farkas et al. 2010) , and more slowly via the GnRH decapeptide (Chen and Moenter 2009) , with all of these interactions tending to quiet the GABAergic afferents for different durations.
In previous work examining these local circuit interactions, repeated action potential-like depolarization of GnRH neurons caused a short-term reduction of GABAergic transmission to that same GnRH neuron. This reduction was blocked by antagonists of mGluRs, suggesting their involvement (Chu and Moenter 2005) . GnRH neurons have been reported to express vesicular glutamate transporters (Hrabovszky et al. 2004) , and activation of mGluRs depresses GABAergic transmission to GnRH neurons (Chu and Moenter 2005) , suggesting a direct interaction is possible via this mechanism; however, further studies are needed to determine whether this circuit contains other elements.
Two mechanisms of particular relevance to GnRH neurons that can be engaged by mGluRs are glia and endocannabinoids. GnRH neurons are surrounded by astrocytes (Baroncini et al. 2007; Cashion et al. 2003; Witkin et al. 1991) , and astrocytes, including those in the hypothalamus, express mGluRs (Condorelli et al. 1997; Dziedzic et al. 2003; Nakanishi and Masu 1994) . Astrocytes are increasingly recognized to play a role in synaptic transmission and also can regulate extracellular glutamate uptake and release (Bergles and Jahr 1998; Rothstein et al. 1996; Tanaka et al. 1997 ; see for review Haydon 2001; Perea and Araque 2007) . Astrocytes communicate with neurons via gliotransmitters, a major class of which is prostaglandins, and prostaglandins can depress synaptic transmission (Laaris and Weinreich 2007) . Endocannabinoids reduce basal GABAergic transmission to GnRH neurons (Farkas et al. 2010 ), but their role in depolarization-induced suppression has not been studied.
In this study we examined the role of prostaglandins and endocannabinoids in depolarization-induced suppression of GABAergic transmission to GnRH neurons, and determined the steroid feedback sensitivity of this circuit.
MATERIALS AND METHODS
Animals. GnRH neurons were recorded from transgenic mice expressing enhanced green fluorescent protein (eGFP) under the control of GnRH promoter (Suter et al. 2000) . Mice were housed under a 14:10-h light-dark photoperiod with Harlan 2916 chow (Harlan, Indianapolis, IN) and water available ad libitum. Adult female or male mice (42-60 days) or ovary-intact prepubertal females from 7-22 days of age were used. To control the effects of ovarian steroids in adult females, ovariectomy (OVX) was performed under isoflurane anesthesia (Burns Veterinary Supply, Westbury, NY). Bupivicaine (0.25%, 7 l per surgical site; Abbott Labs, North Chicago, IL), a long-lasting local anesthetic, was applied to surgery sites to reduce postoperative pain and distress. At the time of OVX, some animals received subcutaneous Silastic implants (Dow-Corning, Midland, MI) containing 0.625 g of 17␤-estradiol (E) and/or 400 g of dihydrotestosterone (DHT) in sesame oil. Surgery was performed 5-10 days before experimentation. Doses of steroids and time between surgery and electrophysiological experiments were chosen according to the models previously described Sullivan and Moenter 2005) . The estradiol level is a low physiological level, and the DHT implant produces a mild elevation in androgen that is insufficient to restore mass of seminal vesicles in male mice, thus mimicking the mild hyperandrogenemia of the common fertility disorder polycystic ovary syndrome, in which GnRH neuron activity is elevated. All procedures were approved by the University of Virginia Animal Care and Use Committee.
Brain slice preparation. All chemicals were purchased from Sigma Chemical (St. Louis, MO) unless otherwise noted. Brain slices were prepared as previously described (Chu and Moenter 2005; Nunemaker et al. 2002) . All buffers were continuously bubbled with a mixture of 95% O 2 and 5% CO 2 , beginning at least 15 min before use, to maintain proper saturation; pH was also monitored. Sagittal 300-m brain slices were cut using a Vibratome 3000 (Ted Pella, Redding, CA) in ice-cold sucrose saline containing (in mM) 250 sucrose, 3.5 KCl, 26 NaHCO 3 , 10 glucose, 1.25 NaH 2 PO 4 , 1.2 MgSO 4 , and 3.8 MgCl 2 . Slices were incubated in a 1:1 mixture of sucrose saline and artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 3.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 CaCl 2 , 1.2 MgSO 4 , and 10 D-glucose, pH 7.4, for 30 min at 31°C and then transferred to 100% ACSF and incubated for at least an additional 30 min at room temperature (22-24°C) until study.
Electrophysiological recordings. Individual brain slices were transferred to a recording chamber mounted on the stage of an upright microscope (Olympus BX50WI; Opelco, Dulles, VA). The chamber was perfused continuously with ACSF containing 20 M 6-cyano-7-nitroquinoxaline-2,3-dione and 20 M D(Ϫ)2-amino-5-phosphonovaleric acid to block ionotropic glutamate currents at a rate of 5-6 ml/min at 31-32°C. Slices were stabilized in the chamber for at least 5 min before recording. All recordings were performed from GnRH neurons located in the preoptic area and ventral anterior hypothalamic regions; no differences were noted based on location of cells. Recording micropipettes were pulled from capillary glass (type 7052, outer diameter/inner diameter 1.65/1.1 mm; World Precision Instruments, Sarasota, FL) using a Flaming/Brown P-97 pipette puller (Sutter Instruments, Novato, CA) to obtain pipettes with a resistance of 2.5-4.0 M⍀. Whole cell recordings were made in voltage-clamp mode of an EPC-10 or EPC-10 USB amplifier with Patchmaster software (HEKA Elektronik, Lambrecht/Pfalz, Germany) on a Macintosh MacPro computer (Apple Computers, Cupertino, CA). GnRH-GFP neurons were identified by brief illumination at 470 nm.
To facilitate detection of GABAergic currents at a holding potential of Ϫ60 mV, pipettes were filled with high-chloride solution containing (in mM) 140 KCl, 10 HEPES, 5 EGTA, 4.0 MgATP, 0.4 NaGTP, and 1.0 CaCl 2 , pH 7.3, 290 mOsm. Cells were stabilized for 3-5 min after the whole cell configuration was achieved before data were recorded. Electrical passive properties [input resistance (R in ), series resistance (R s ), and membrane capacitance (C m )] were monitored every 2-3 min. Only recordings with R in Ͼ 500 M⍀, R s Ͻ 20 M⍀, and stable C m were accepted for further treatment and analysis. Furthermore, a minimum of 0.5-Hz GABAergic postsynaptic currents (PSCs) was required to allow detection of any suppression of the frequency of these events by treatments. Figure 1A illustrates the voltage protocol utilized to determine how GnRH neuronal depolarization (GND) regulates GABAergic transmission to the depolarized GnRH neuron. Cells were clamped at Ϫ60 mV for 60 s to monitor PSC frequency. The cell was then depolarized to ϩ20 mV for 2 ms every 50 ms for 1 s. This was followed by an additional 60 s of recording of PSC frequency at Ϫ60 mV. This protocol was repeated in control solution three to four times. Cells were then treated, and the protocol was repeated three to four times after drug wash in. Treatments and duration required for drug wash in were as follows: 5 M indomethacin (5 min), 10 M AH6809 (5 min; antagonist of prostaglandin receptor EP2, weak activity at EP1 and DP1), 5 M fluorocitrate (30 min), or 1 M SR141716 [5 min; cannabinoid receptor type 1 (CB1R) antagonist (generous gift from the National Institute of Drug Abuse)]. To block endocannabinoid synthesis in GnRH neurons, we added 10 M orlistat (a diacylglycerol lipase inhibitor) to the recording pipette solution. Only one cell was recorded in each slice (to avoid any altered results due to previous pharmacological treatments), and no more than two cells per animal.
Analysis. Data collected during experiments were analyzed off-line using software developed in Igor Pro ) to identify PSCs. Spontaneous PSCs were detected automatically and confirmed by eye. Both false positive and false negative detection errors were corrected manually. Data generated were transferred to a spreadsheet Fig. 1 . Repeated gonadotropin-releasing hormone (GnRH) neuronal depolarization (GND) results in a short-term suppression of GABAergic transmission to that GnRH neuron. A: voltage protocol used to record GABAergic postsynaptic currents (PSCs), consisting of a 60-s pre-GND segment, 1 s of 20-Hz depolarization to ϩ20 mV to simulate action potential firing (GND), and 60 s of post-GND recording. B: representative recording of GABAergic PSCs from a GnRH neuron from an ovariectomized (OVX) mouse during the 10 s before (pre) and after (post) GND. C: mean PSC frequency data binned in 1-s intervals (n ϭ 9 cells that responded to GND with suppression out of 12 tested). D: box and whisker plot showing full range of values (whiskers), 25th-75th percentile (box), and median PSC frequency (horizontal line within box) during the 10 s before vs. 10 s after GND. *P Ͻ 0.05.
for additional data and statistical analysis (OpenOffice.org 3.0.0 Beta, Sun Microsystems; Prism 4, GraphPad Software). The number of GABAergic postsynaptic events per second was counted for each recording trace and then averaged for each cell to obtain cell mean values, which were then averaged to obtain group mean values. Averaged PSC frequencies during 10 s before and 10 s after GND were compared using two-tailed paired Student's t-test or two-way ANOVA followed by Bonferroni post hoc tests; P Ͻ 0.05 was considered significant. Data in text are means Ϯ SE; summary data are shown as a full range of values, medians, and 25th-75th percentiles where indicated.
RESULTS

Local circuit feedback regulation of GnRH neuron activity is modulated by endocannabinoids.
To examine GnRH-GABA neuron local feedback, we recorded GABAergic PSCs in GnRH neurons from OVX female mice for 60 s before and after repeated depolarization of the GnRH neuron (GND; Ϫ60 to ϩ20 mV for 2 ms, 20 Hz, 1 s). A subpopulation of GnRH neurons (9 of 12) exhibited a short-term reduction (P Ͻ 0.05) in GABAergic PSC frequency directly after GND in control solution (ACSF) as previously described (Chu and Moenter 2005) . A representative example is shown in Fig. 1B , PSC frequency vs. time in Fig. 1C , and PSC frequency in 10 s immediately before and after GND in Fig. 1D (1.2 Ϯ 0.2 vs. 0.8 Ϯ 0.2 Hz, n ϭ 9). The suppression in PSC frequency lasted ϳ9 -11 s. Weaker depolarizations (e.g., to 0 mV) at the same frequency did not induce a suppression, indicating an action potential-like depolarization, i.e., crossing 0 mV, was required (not shown).
Because our goal was to test the mechanisms of this suppression, only cells responding to GND with suppression of GABAergic transmission were used in further studies. Depolarization-stimulated inhibition (DSI), which resembles this response, often involves endocannabinoid signaling (Diana and Marty 2004) . Recent studies by Farkas et al. (2010) demonstrated that GABAergic afferents to GnRH neurons express CB1Rs and that basal GABAergic transmission to GnRH neurons is regulated by endocannabinoids. We tested whether cannabinoid signaling was also involved in modulation of the GnRH neuron-GABA afferent local circuitry. SR141716, a specific blocker of CB1Rs (Fig. 2, A and B) blocked the inhibitory effect of GND (control pre-GND 1.6 Ϯ 0.5 Hz, post-GND 1.1 Ϯ 0.4 Hz, P Ͻ 0.05; drug pre-GND 1.3 Ϯ 0.5 Hz, post-GND 1.3 Ϯ 0.5 Hz, n ϭ 7 cells), suggesting endocannabinoid receptor signaling is another component of the local feedback circuit. To examine the source of endocannabinoids, we blocked their synthesis in the recorded cell by including orlistat (10 M) within the recording pipette solution. As expected from previous work (Farkas et al. 2010) , this increased basal GABAergic transmission to GnRH neurons. This treatment also blocked GND-induced suppression of GABAergic transmission ( Fig. 2C ; n ϭ 9 cells, pre-GND 2.2 Ϯ 0.5 Hz, post-GND 2.1 Ϯ 0.5 Hz). These data suggest endocannabinoids produced by GnRH neurons play an important role in the GnRH-GABA circuit.
Local circuit feedback regulation of GABAergic transmission is modulated by prostaglandins. GnRH neurons are encased in glia (Witkin et al. 1991) , which can express mGluRs (Condorelli et al. 1997; Dziedzic et al. 2003 ; Nakanishi and Masu 1994) and modulate synaptic transmission. Thus we examined glia as an additional intermediate in this local circuit. As a first step, we tested the hypothesis that prostaglandins, a common gliotransmitter, alter this circuit. Slices were treated with 5 M indomethacin to block cyclooxygenase, a critical step in prostaglandin biosynthesis. Indomethacin blocked the GND-induced reduction in GABAergic PSCs (Fig. 3 , A-C; n ϭ 9 cells, control pre-GND 1.2 Ϯ 0.2 Hz, post-GND 0.8 Ϯ 0.2 Hz, P Ͻ 0.05; drug pre-GND 1.2 Ϯ 0.3 Hz, post-GND 1.1 Ϯ 0.2 Hz) but did not alter spontaneous PSC frequency (Fig. 3C ). This suggests that blockade of prostaglandin synthesis with indomethacin disrupted the mechanism underlying communication between GnRH neuron depolarization and inhibition of GABAergic transmission.
In addition to being involved in prostaglandin synthesis, cyclooxygenase can degrade endocannabinoids (Kozak et al. 2004) , which can modulate GABAergic transmission to GnRH Fig. 2 . Endocannabinoid signaling is involved in GND-induced suppression of GABAergic transmission. A: representative recording of GABAergic PSCs from a GnRH neuron treated with SR141716 (SR) during the 10 s before and after GND. B: comparison of pre-and post-GND GABAergic PSC frequency in the presence and absence of cannabinoid receptor type 1 (CB1R) antagonist SR (n ϭ 7 cells). C: comparison via t-test of pre-and post-GND GABAergic PSC frequency in the presence of 10 M orlistat (Orl; an inhibitor of endocannabinoid synthesis) in the recording pipette (n ϭ 9 cells). *P Ͻ 0.05 vs. pre-GND values for that same condition. See Fig. 1 for details on box and whisker plots. con, Control.
neurons (Farkas et al. 2010) . One possible interpretation of the above data is that blockade of cyclooxygenase with indomethacin causes accumulation of endocannabinoids. Although endocannabinoids decrease GABAergic transmission, it is possible that a sustained exposure to endocannabinoids could cause desensitization of the CB1R and a reduced response. To test more specifically whether prostaglandin signaling is involved, we examined the effect of a prostaglandin receptor antagonist (10 M AH6809) on GND-induced suppression. AH6809 blocked suppression of GABAergic transmission to GnRH neurons following GND in a manner similar to indomethacin ( Fig. 3D ; n ϭ 6 cells, control pre-GND 1.0 Ϯ 0.2 Hz, post-GND 0.6 Ϯ 0.2 Hz, P Ͻ 0.05; drug pre-GND 0.8 Ϯ 0.1 Hz, post-GND 0.8 Ϯ 0.1 Hz; wash pre-GND 1.0 Ϯ 0.1 Hz, post-GND 0.5 Ϯ 0.2 Hz, P Ͻ 0.05).
Prostaglandins are common gliotransmitters but also can be synthesized by neurons (Yamagata et al. 1993) . To attempt to more directly implicate glia in this circuit, we used fluorocitrate to disrupt glial function. Fluorocitrate blocks the Krebs cycle exclusively in glia cells (Fonnum et al. 1997 ) and thus is a specific metabolic inhibitor of glia. Fluorocitrate at 5 M, a dose that does not appear to alter neuronal function (Hassel et al. 1992) , blocked GND-induced reduction in GABAergic transmission ( Fig. 3E ; control pre-GND 1.1 Ϯ 0.3 Hz, post-GND 0.7 Ϯ 0.2 Hz, P Ͻ 0.05; drug pre-GND 0.9 Ϯ 0.2 Hz, post-GND 0.9 Ϯ 0.2 Hz, n ϭ 6 cells). At this dose, fluorocitrate had no effect on spontaneous PSC frequency (paired t-test between control pre-GND and drug pre-GND). Together with the above data, these results suggest prostaglandin signaling alters this local circuit and that glia are a potential source of these prostaglandins.
Estradiol alters local circuit modulation of GABAergic transmission to GnRH neurons. Because of the importance of GABAergic afferents in conveying gonadal steroid feedback, we investigated the role of steroids in this local circuit. Previous work had established that treating OVX female mice with physiological levels of estradiol and mild elevations of androgen provided by DHT (OVXϩEϩDHT) increased both GnRH neuron activity and GABAergic transmission to GnRH neurons Sullivan and Moenter 2005) . The most common endocrine presentation for infertility, polycystic ovary syndrome, is characterized by hyperandrogenemia, increased frequency of GnRH/luteinizing hormone release, and elevated CSF levels of GABA (Blank et al. 2006; Loucks et al. 2002) . Interestingly, in OVXϩEϩDHT females, there was no GND-induced reduction in GABAergic transmission ( Fig. 4A ; pre-GND 1.2 Ϯ 0.1 Hz, post-GND 1.3 Ϯ 0.1 Hz, n ϭ 6 cells), suggesting that steroids induce central changes that impact this circuit. We next tested the hypothesis that DHT blocks the ability of GND to inhibit GABAergic afferents, which provide a stimulatory input to GnRH neurons , hence leading to failure of an important homeostatic mechanism in hyperandrogenemia. In brain slices from animals treated with DHT alone, however, the GND-induced reduction of GABAergic transmission to GnRH neurons persisted and was of a similar magnitude to that observed in untreated OVX animals; depolarization of GnRH neurons from OVXϩDHT mice significantly lowered GABA PSC frequency during the first 10 s following stimulation ( Fig. 4B ; pre-GND 0.9 Ϯ 0.1 Hz, post-GND 0.4 Ϯ 0.1 Hz, P Ͻ 0.05, n ϭ 8 cells). In addition, indomethacin (5 M) treatment blocked this reduc- Fig. 3 . Prostaglandins mediate the local depolarization-induced feedback circuit. A: representative recording of GABAergic PSCs from a GnRH neuron treated with indomethacin (indo; 5 M) during the 10 s before and after GND. B: mean PSC frequency data binned in 1-s intervals (n ϭ 9 cells). C: comparison via 2-way ANOVA of pre-and post-GND GABAergic PSC frequency in the presence and absence of indo (n ϭ 9 cells). D: comparison via 2-way ANOVA of pre-and post-GND GABAergic PSC frequency in the presence and absence of 10 M AH6809 (AH; n ϭ 6 cells). E: comparison via 2-way ANOVA of pre-and post-GND GABAergic PSC frequency in the presence and absence of 5 M fluorocitrate (FC; n ϭ 6 cells). *P Ͻ 0.05 vs. pre-GND values for that same condition. See Fig. 1 for details on box and whisker plots. tion without influencing spontaneous PSC frequency ( Fig. 4B ; drug pre-GND 0.7 Ϯ 0.2 Hz, post-GND 0.7 Ϯ 0.2 Hz, n ϭ 8 cells). These data indicate that androgen interruption of this circuit does not play a role in the excitatory effects of hyperandrogenemia on the GnRH neuronal network.
In contrast to DHT alone, treatment with estradiol alone abolished the inhibitory effect of GND on GABAergic transmission ( Fig. 4C ; pre-GND 1.9 Ϯ 0.5 Hz, post-GND 1.9 Ϯ 0.4 Hz, n ϭ 6 cells). This suggests that estradiol is responsible for disruption of the local feedback circuit from GnRH neurons to their GABAergic afferents. On the basis of suppression of this local feedback circuit by estradiol, we hypothesized that this circuit might be developmentally regulated, being absent in immature animals. To test this we examined the ability of GND to suppress GABAergic transmission in prepubertal females. Before the age of ϳ19 days, GABAergic transmission was very low frequency, precluding monitoring a suppression. In ovary-intact females ages 19 -22 days, which is about 1 wk after the initial rise in circulating levels of GnRH-dependent pituitary gonadotropins (Selmanoff et al. 1977 ) and just before estradiol-dependent vaginal opening (Brill and Moenter 2009) , which is the first outward sign of puberty, there was no GND-induced inhibition of GABAergic PSC frequency (pre-GND 0.6 Ϯ 0.1 Hz, post-GND 0.7 Ϯ 0.1 Hz, n ϭ 9 cells). Another possible explanation for the blockade of this circuit by estradiol is that inhibition of this circuit is part of the mechanism by which estradiol induces the surge mode of GnRH secretion that initiates the ovulatory cascade. This feedback effect is diurnal in mice, and the above studies were done in the afternoon, which is the time of estradiol positive feedback to generate the surge mode (Christian et al. 2005) . Unfortunately, during estradiol negative feedback, PSC frequency is too low to test for the existence of this circuit. Likewise, PSC frequency was low in diestrus females; thus the apparent lack of GND-induced inhibition in ovary-intact females (pre-GND 0.26 Ϯ 0.09 Hz, post-GND 0.28 Ϯ 0.07 Hz, P ϭ 0.75, n ϭ 6 cells) must be interpreted with caution as a possible basement effect. As an alternative, we examined adult males, which lack a surge mode and have higher basal GABAergic transmission than females (Chen and Moenter 2009 ). In gonad-intact adult males, this circuit is functional, suggesting a sex difference (pre-GND 2.0 Ϯ 0.5 Hz, post-GND 1.7 Ϯ 0.4 Hz, n ϭ 10 cells).
DISCUSSION
The classic view of the elements of the hypothalamo-pituitary-gonadal axis has been a one-way coupling through mainly homeostatic feedback from peripheral hormones. More recently, central interactions among GnRH neurons and components of their afferent network have been described, including mGluR-, GnRH-, and CB1R-dependent mechanisms (Chen and Moenter 2009; Chu and Moenter 2005; Farkas et al. 2010) . These findings helped establish that GnRH neurons are not merely central output neurons but also play a key role in local circuit function. In this study we have demonstrated that GnRH neuron depolarization induces short-term inhibition of their GABAergic afferents via multiple mechanisms and that this interaction is steroid and likely sex dependent.
Action potential-like depolarization of GnRH neurons was previously shown to regulate GABAergic transmission to the recorded GnRH neuron in a manner dependent on activation of mGluRs (Chu and Moenter 2005) . This mode of short-term plasticity bears resemblance to DSI (Diana and Marty 2004) . It is important to bear in mind that the depolarizing/excitatory effect of GABA A receptor activation on GnRH neurons renders this circuit as a negative feedback loop, in which depolarization of GnRH neurons reduces an excitatory drive Herbison and Moenter 2011) . Classic DSI utilizes endocannabinoid signaling and is modulated by mGluR activation (Diana and Marty 2004) . Endocannabinoids serve as retrograde transmitters to both neurons (Diana and Marty 2004) and glia (Navarrete and Araque 2008). The latter are of Fig. 4 . Effect of steroid feedback and sex on the local circuit. A: comparison of PSC frequency during the 10 s before and after GND in cells from OVX mice treated in vivo with both estradiol and dihydrotestosterone (OVXϩEϩDHT; n ϭ 6). B: comparison of pre-and post-GND GABAergic PSC frequency in DHT-treated mice in the presence and absence of indo (OVXϩDHT; n ϭ 8 cells that responded to GND with suppression out of 13 studied). C: comparison of PSC frequency during the 10 s before and after GND in cells from OVX mice treated in vivo with estradiol (OVXϩE; n ϭ 6 cells). D: comparison of PSC frequency during the 10 s before and after GND in cells from adult male mice (n ϭ 10 cells). *P Ͻ 0.05. See Fig. 1 for details on box and whisker plots. particular interest, because GnRH neurons receive relatively few inputs compared with neighboring neurons, are ensheathed in astrocytes, and are regulated by mGluR-dependent glial signals (Baroncini et al. 2007; Cashion et al. 2003; Dziedzic et al. 2003; Witkin et al. 1991 ).
In the current study, we extended previous observations by providing evidence for at least two signaling mechanisms involved in this local circuit. Blocking CB1Rs or blocking endocannabinoid synthesis in GnRH neurons inhibited depolarization-induced suppression of GABAergic transmission. Direct retrograde signaling via endocannabinoids from GnRH neurons to GABAergic afferents was recently reported (Farkas et al. 2010) , but that study focused on basal levels of neurotransmission rather than mechanisms of short-term plasticity. The present data support and extend those findings to another mode of synaptic regulation.
Because of the extensive interactions between GnRH neurons and glia, and the ability of endocannabinoids to increase intracellular calcium in glia (Navarrete and Araque 2008) , we also examined a potential role for glia in modulating this circuit. Blockade of prostaglandin synthesis with indomethacin or antagonism of prostaglandin receptors eliminated the reduction in GABAergic PSC frequency that occurs after GND. Furthermore, disruption of astrocyte metabolic function with fluorocitrate also blocked the reduction. This latter finding suggests a potential modulatory effect of glia via prostaglandins on GND-induced inhibition.
The possible involvement of both endocannabinoids and glia in this circuit is substantiated by other studies of interactions among these systems. Astrocytes are important regulators of synaptic transmission (Newman 2003; Oliet et al. 2001; Perea and Araque 2007; Rothstein et al. 1996) . Endocannabinoids can alter astrocyte transmitter uptake (Shivachar 2007) , and hypothalamic astrocytes express CB1Rs (Moldrich and Wenger 2000) . On the basis of current knowledge, we propose a simplified model of GnRH local circuit regulation of GABAergic inputs (Fig. 5) . GnRH neuron depolarization causes synthesis of endocannabinoids, which suppress GABAergic transmission via both direct retrograde transmission and alterations in glial function. Normal glial function, including production of prostaglandins, is required for this inhibitory circuit. Two possible prostaglandin actions are to facilitate production of endocannabinoids by GnRH neurons and/or to promote trafficking of CB1Rs to the presynaptic GABAergic terminal membrane, increasing responsiveness. Cessation of prostaglandin signaling by blockade of either their synthesis or receptor function would thus disrupt endocannabinoiddependent GND-induced suppression of GABAergic transmission.
An interesting feature of this circuit is that it is blocked by treatment of female mice with estradiol. Estradiol is a major feedback regulator of GnRH neurons, having both negative and positive effects in females dependent on interactions with the circadian clock (Christian and Moenter 2010) . This positive feedback action occurs near lights off and causes a surge of GnRH release that is mandatory in most species for inducing a pituitary surge of gonadotropins and subsequent ovulation.
One of the neurobiological mechanisms employed by estradiol to induce these changes is a diurnal change in GABA transmission (Christian and Moenter 2007) . Because of the elevated chloride levels maintained in adult GnRH neurons, GABA A receptor activation is depolarizing and can initiate action potential firing . Consistent with this, estradiol treatment suppresses GABAergic transmission during negative feedback and increases it during positive feedback. This can be observed in the trend for higher basal PSC frequency in the OVXϩE group compared with OVX animals in the present study. Although this diurnal action of estradiol is strongest on days 2-5 postimplantation with steroid, diurnal effects remain for the duration of treatment used in the present study (Christian et al. 2005) . It is possible that an additional positive feedback action of estradiol is to block this local inhibitory feedback circuit. The higher activity of GnRH neurons during positive feedback would tend to increase activity of this feedback circuit, which would be counterproductive to GnRH surge generation. Therefore, this mechanism may be invoked in a diurnal manner. Unfortunately, the very low frequency of GABAergic PSCs in estradiol-treated animals in the morning during negative feedback precludes testing directly this hypothesis (Christian and Moenter 2007) .
To begin to ask this question from another angle, we examined this circuit in adult males, which lack a surge mechanism (Gorski 1973) and in which estradiol provides the major inhibitory feedback to GnRH neuron activity . Unlike in estradiol-treated females, GND in gonad-intact adult males inhibited GABAergic transmission, A: GND causes synthesis of endocannabinoids, which bind to presynaptic terminals of afferent GABAergic neurons and inhibit GABA release. Glutamate release, possibly by GnRH neurons, may stimulate astrocytes to produce prostaglandins (PGs), promote cannabinoid synthesis by GnRH neurons or glia, and/or modulate GABA release. The possible actions of PGs include promotion of cannabinoid synthesis and/or CB1R trafficking to the presynaptic membrane of GABAergic terminals. B: possible actions of estradiol in blocking the circuit include reduced metabotropic glutamate receptor (mGluR) activation of astrocytes (decreasing PG levels) and/or GABAergic neurons, retraction of astrocytic coverage of GnRH neurons, and decreasing GnRH neuron cannabinoid production.
suggesting physiological levels of estradiol do not inhibit this mechanism in males and pointing to an interesting potential sex difference in terms of the mechanisms altered by organizational effects of steroid hormones and their later activational effects. Preliminary data in ovary-intact, diestrus females suggest no GND-induced suppression exists, supporting this postulate; however, low basal rates of GABAergic transmission preclude a firm conclusion based on these data alone.
Another possibility is that the development of reproductive capacity and steroidogenesis is associated with the removal of this inhibitory circuit during the pubertal process. We attempted to test this hypothesis by recording PSCs from young animals before puberty. As with some other neuronal types (Baccei and Fitzgerald 2004) , frequency of synaptic inputs was too low before about postnatal day 17 to test for the inhibitory circuit. When examined in animals from 18 to 22 days of age, before estrogen-dependent vaginal opening, the first outward sign of puberty, but after activation of the reproductive neuroendocrine system (Selmanoff et al. 1977) , the estradiolinduced blockade was already in place.
Estradiol can influence many of the proposed elements of this local circuit (Fig. 5B ). For example, estradiol can block cannabinoid-induced presynaptic inhibition of fast synaptic transmission in pro-opiomelanocortin neurons (Nguyen and Wagner 2006) . Estradiol reduced the ability of neuronal activity to increase intracellular calcium levels in astrocytes in hippocampal cultures (Rao and Sikdar, 2006) . This process is dependent upon activation of astrocyte mGluRs; consistent with this, the ability of 1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), a broad-spectrum mGluR agonist, to increase astrocytic calcium levels was also decreased in estradiol-treated cultures. Furthermore, estradiol acts on endothelial cells to induce retraction of tanycyte processes from GnRH neuron terminals (de Seranno et al. 2010) ; similar mechanisms may exist to regulate astrocyte apposition near the somata of these neurons. In this regard, several studies have shown that changes in steroid milieu, and in particular estradiol, alter glial apposition to GnRH neurons in a manner correlated with number of synapses (Baroncini et al. 2007; King and Letourneau 1994; Kozlowski and Coates 1985; Meister et al. 1988; Prevot et al. 1998 Prevot et al. , 1999 Witkin et al. 1991 Witkin et al. , 1995 Witkin et al. , 1997 Xiong et al. 1997; Yin et al. 2009a Yin et al. , 2009b . This apposition can change in a diurnal manner consistent with the estradiol-induced changes in GnRH neuron activity (Cashion et al. 2003) .
The existence of local feedback circuits among GnRH neurons, glia, and GABAergic neurons adds to our understanding of how these central elements interact. The feedback modulation of these interactions by estradiol, and the potential sex difference in this circuit, also provide new directions for future research on central and peripheral control of GnRH neurobiology.
